This paper presents the design of ladder-type filters based on film bulk acoustic wave resonator (FBAR) in Ku-band. The proposed FBAR filter has an insertion loss of −3 dB, out-of-band rejection of −12 dB and 3 dB bandwidth of 1.0 GHz from 15 GHz to 16 GHz. Based on the characteristics of the FBAR filter, the expected characteristics of FBAR resonators are determined by using the 1D numerical analysis. This design proves that it is possible to design a wide-bandwidth FBAR filter in Ku-band.
Introduction
Transceiver systems working in Ku-band frequency range of 12-18 GHz are primarily used for satellite communications and radars. Cost, area, and power consumption are the key figures of merit for such transceiver system. However, the literature shows that most of these transceivers are designed using low-temperature cofire ceramic (LTCC) technology and are relatively large in size and heavy due to the use of discrete components such as filter and separately located modules. The multilayer LTCC and the systems-on-package (SOP) implementations are capable of overcoming these issues by integrating active and passive components on one board. Various Ku-band filters have been reported in the literature using different designs and manufacturing methods such as defect ground structure (DGS), interdigital structure, coupled line filters, and couple strip line filters have been integrated using LTCC technology [1] [2] [3] . However, improvement in filter performance and better integration methods with microwave monolithic integrated circuit (MMIC) and radio frequency (RF) microelectromechanical systems (MEMS) technology as used in WiFi and WiMAX applications [4] can be used to improve integration and reduce power consumption.
Film bulk acoustic wave resonator (FBAR) filter and FBAR diplexer designed using RF MEMS technology have been developed for WiFi and WiMAX applications [4] . Such MEMS components have shown better performance and higher integration level which can also be achieved in Kuband transceivers using MEMS-based FBAR filters. Thin membrane-type resonator and solidly mounted resonator (SMR) are two types of FBARs based on acoustical isolation from the substrate [5] . Acoustical isolation achieved by airgap is the preferred method to achieve high-quality ( ) factor using simpler fabrication methods [6] . The literature shows that AlN is the preferred material due to its moderate mechanical coupling factor, higher acoustic velocity, and higher value [7] at operating frequencies higher than 10 GHz. Surface acoustic wave (SAW) resonators whose resonance frequency depends on the pitch of integrated device technology (IDT) electrode patterns [8] are limited to less than 15 GHz [9] . However, FBARs operating in frequency range of 5 GHz to 20 GHz have been reported in, the literature [8, 10] . Due to high factor of FBARs, low insertion loss filters can be designed in Ku-band which will improve system performance and allow higher integration resulting in lost cost and low-power consumption [11] .
There are several topologies of FBAR filters including ladder-type, lattice-type, or the combination of both [12] . FBAR filters have very high and small size. In addition, FBAR can be manufactured on a flat silicon substrate using surface micromachining and befits mass production, and this allows the filter components to become compact and cheap [13] . Furthermore, FBAR is compatible MMIC and MEMS technology. FBAR filter has been reported operating in frequency range of X-band, K-band, and Ka-band [13] [14] [15] . The factor and electromechanical coupling coefficient ( 2 eff ) of the piezoelectric thin film are two figures of merit for an FBAR. Lower value of 2 eff leads to a high insertion loss and higher value of leads to lower insertion loss [16] . It is important to notice that improving 2 eff results in decreased factor, and so optimization of both parameters is defined by one figure of merit (FOM), which is a product of 2 eff × [16] . In filter applications, it has been shown that this FOM parameter is inversely proportional to filter insertion loss [16] .
The literature shows that traditionally FBARs with high factors are designed and used in FBAR filter circuits to evaluate their performance. The filters are manufactured and their performance is measured. However, in this research collections of closed-form expressions from [17] are used to analyse the filter performance based on FBAR design variables like series and parallel resonance frequencies, factor, coupling coefficient along with filter design variables like filter order, insertion loss, and out-of-band rejection. A typical Ku-band transceiver specification shows that Ku-band FBAR filters are expected to have insertion loss less than 3 dB, out-of-band rejection smaller than 12 dB, and 3 dB bandwidth of 1.2 GHz [3] . Then, based on the FBAR filter characteristics modelled using Butterworth Van Dyke (BVD) circuit [18] , the expected FBAR characteristics are determined. This paper is organised as follows: Section 2 presents the introduction of Ku-band transceiver front-end. Section 3 describes the theory of FBAR filter design. Section 4 presents Ku-band FBAR filter. Section 5 presents results and Section 6 presents conclusion.
Ku-Band Transceiver Front-End
A typical Ku-band transceiver consisting of low-noise amplifier (LNA), power amplifier (PA), voltage-controlled oscillator (VCO), local oscillator (LO), upconveter, downconverter, and filters is presented in Figure 1 as in [3] . In this transceiver, two types of Ku-band filter are used which have centre frequency of 15.5 GHz and 14.7 GHz. The filter operating at the centre frequency of 15.5 GHz is used to select the frequency band while the filter operating at the centre frequency of 14.7 GHz is used for filtering LO signal. The specifications of this transceiver are summarised in Table 1 this research this typical transceiver is selected to obtain performance parameters for a typical Ku-band filter working at centre frequency of 15.5 GHz. In this study, the laddertype FBAR filter is designed based on typical Ku-band filter specifications and the characteristics of the FBAR filter and the striplines interdigital filter are compared. The next section discusses design process of FBAR filter based on closed-form equations.
FBAR Filter Design
The ladder-type FBAR filter consists of a number of Lsections comprising two resonators, one connected in series and the other connected in shunt as shown in Figure 2 . The order of the filter is equal to the number of FBARs used in ladder connection. The resonator has two resonant frequencies which are series resonant frequency, , and parallel resonant frequency, . At , the electrical impedance is minimum, min , and at the electrical impedance is maximum, max . At frequency far from or , the impedance has the characteristics of static capacitance, [11] . Figure 3 presents the working principle of a second-order ladder-type FBAR filter. The continuous line represents the typical transmission response of ladder filter, while the dotted and dashed lines characterise the electrical impedance of series ( ) and parallel ( ) resonators, respectively. is the series frequency of the series resonator and is the parallel frequency of the series resonator. Meanwhile, is the series frequency of the shunt resonator and is the parallel frequency of the shunt resonator. The is tuned to be lower than the . The ladder-type filter gives a steep rolloff but a poor out-of-band (OoB) rejection characteristic. A better OoB can be achieved by cascading more L-section to the filter; however this will have to be traded off with the insertion loss. Figure 3 described the design parameters of FBAR filter. A set of closed-form expressions for designing FBAR filters are given in [17] . The design of ladder-type FBAR filter consists of determining the order of the filter. The specifications such as bandwidth, OoB rejection, and the frequency allocation of the upper and lower transmission zeros will be used as design variables. The design procedure is as follows.
Filter Design Methodology.
Step 1 (determine and ). The value of will be located at the lower transmission zero, , and will be located at the upper transmission zero, , as shown in Figure 3 .
Step 2 (determine and ). The value of and can be calculated using [14] 2 eff = (
This value can be set as required, but two conditions must be accomplished: the value of 2 eff must be lower than the maximum achievable value with the used materials, and the design is restricted to those filters whose upper and lower transmission zeroes fulfil [17] ≥ (
Step 3 (determine 1 and 2 ). The approximation of bandwidth (BW ) is BW = 2 − 1 , where 1 and 2 are the frequencies where | ( )| = | ( )| and = 1, 2 is made. The BW will be smaller than the 3 dB bandwidth (BW −3 dB ) and it is independent on the filter order, thus simplifying significantly the design equations.
Step 4 (determine = / ). The BW depends on the value of , , , , and . Since all the resonance frequencies have been determined, the will be calculated to achieve the specified BW . A simplified approach of electrical impedance of the FBAR is as given in [22] :
resulting as given in [17] :
where can be either 1 or 2 . In order to obtain a closedform expression of as a function of BW , an approximation of 1 and 2 that are symmetrically spaced around the centre frequency, , is made, where 1 = − BW /2 and 2 = +BW /2. It can be seen from (4) that increases with BW .
Step 5 (determine Θ = ). One of the conditions to find the static capacitance that the filter must accomplish is the image impedance matching condition. This condition is define as [17] = 1
where = 50 Ω is the impedance of the source and the load.
Step 6 (compute and and determine ). and can now be easily computed using (4) and (5). Since the OoB rejection level depends only on and , the order of the filter will be chosen to achieve the required OoB rejection.
In designing a wideband FBAR ladder filter at high frequencies, many considerations are required as discussed in the next section.
Ku-Band FBAR Filter Design
In this study, the ladder-type FBAR filter is designed to achieve BW −3 dB of 1.2 GHz with centre frequency of 15.5 GHz, insertion loss of 3 dB, and out-of-band rejection of 12 dB. In order to achieve the required specifications of FBAR filter, an analysis of the parameters that affect the characteristics of the filters has been carried out. The effects of varying 1 and 2 followed by the effect of varying , , , and are presented in Sections 4.1 and 4.2. Finally, the effects of filter order on OoB rejection and filter characteristics are discussed in Section 4.3. 1 and 2 . The effect of 1 and 2 is shown in Figure 4 , where BW is equal to 2 − 1 . Eight different filters are designed to investigate the effect. The bandwidth of each FBAR is set to 500 MHz and the difference between and is set to 600 MHz. Second-order filter characteristics are used for comparison. From Figure 4 , it is observed that as the BW increases, the BW −3 dB also increases. It is also observed that the insertion loss ( ) has no significant change. Meanwhile the OoB rejection decreases significantly after BW reaches 1.0 GHz and then remains constant. From this observation, we can conclude that to get wider BW −3 dB , the 2 − 1 (BW ) should be increased to the required value.
Effect of

Effect of Varying , , , and .
Five different filters are designed to investigate the effect of varying while other parameters are constant and the obtained results are presented as dashed line in Figure 5 . Firstly, the value of is kept constant to 15.2 GHz while varies from 15.5 GHz to 15.9 GHz with 100 MHz steps. The results in Figure 5 indicate that as thedecreases, the 2nd order BW −3 dB also decreases.However, it is observed that the and the OoB are inversely proportional to -.
Secondly, the value of is kept constant to 15.2 GHz, while varies from 15.5 GHz to 15.9 GHz with 100 MHz steps. The results achieved are depicted as dotted line in Figure 5 . It can be seen that as thedecreases, the BW −3 dB decreases. It is also observed that improves, while the OoB degrades as the BW −3 dB decreases.
The effect of varying both and while other parameters are constant is shown as continuous line in Figure 5 . It shows that as the -decreases BW −3 dB also decreases.
improves significantly as BW −3 dB decreases. On the other hand, the OoB degrades as BW −3 dB decreases.
Based on the analysis described in this section, varying the values of , , , and will directly affect the filter characteristics. From Figure 5 , it is observed that the BW −3 dB and OoB gradually decrease as the difference between and decreases. On the other hand, improves as and decrease. Figure 6 presents the comparison of transmission response ( 21 ) of the filters designed in this analysis. It is observed that some of the filters have the "mid-band dip" at the centre due to the increasing gap between and of the FBARs. Hence, one of the purposes of this analysis is to minimise the "mid-band dip. " Both filters have same values of , , , and but different values of 1 and 2 . As mentioned previously, BW = 2 − 1 . Filter 2 has the BW of 1.55 GHz while Filter 1 has the BW of 1.14 GHz. It can be seen that for Filter 2 the "mid-band dip" is less than 3 dB and the achieved BW −3 dB for these filters is 1.0 GHz. The variation of 1 and 2 values has significant effect on . The relationship of OoB, , and depicted in Figure 7 . From Figure 7 it can be observed that an increase in will degrade the OoB. As a result of this analysis, the FBAR filter design parameters listed in Table 2 have been chosen.
Next we will discuss optimisation of filter order for these filters.
Effect of .
The OoB of the FBAR filter only depends on and . As is already determined previously, the is chosen to achieve the specified BW −3 dB . The effect of on filter characteristics of Filters A and B is presented in Figure 8 . It is noticed that the BW −3 dB and decrease gradually as increases. At the same time OoB steadily improves as increases. From this study, it is noticeably seen that even though increasing the filter order will improve the OoB, it will degrade and BW −3 dB of the filter. The higher filter order requires more resonators which will result in increased size and cost. Hence, optimum value of filter order is selected to be 8th and 5th for filter A and filter B, respectively.
Results
From the analysis described above, it is possible to design FBAR filters with 1.0 GHz bandwidth operating at 15.5 GHz. The parameters used in designing the filter are presented in Table 2 . The characteristics of each filter are summarised and compared in Figure 8 . It is observed that Filter A has the advantage of wider BW −3 dB and better compared to Filter B. However, the drawback of Filter A is the OoB rejection which is slightly higher than that of Filter B. Filter A has achieved the BW −3 dB up to 1.35 GHz and extensive value of insertion loss, but the OoB rejection is too high. From all the analysis, it can be seen that FBAR filter with wider BW −3 dB will degrade the OoB rejection of the filter, even though the is improved. Table 3 shows a comparison of FBAR filters operating in X-band to Ka-band. All these filters were designed at 4-stage ladder filter which is equal to 8th order filter. The 7th and 8th order FBAR filter A and the 5th and 6th order FBAR filter B are chosen as the best filter characteristics in this work. It is shown that FBAR filters in this work have better performance than reported in [14] , where the insertion loss is too high and the fractional bandwidth is only 2%. To date, this is the first FBAR filter operating in Ku-band frequency range ever reported.
Based on the characteristics of the designed FBAR filters, two sets of FBARs were designed using the BVD equivalent circuit. The derived equations for equivalent circuit elements of FBAR are as presented in [23] . The FBAR parameters extracted are listed in Table 4 .
In order to further analyse and optimise the FBAR designs evaluated using numerical analysis, 3D Finite Element Method (FEM) was used. Tables 5 and 6 show the comparisons of the extracted FBAR parameters between the 1-D and 3-D FEM analyses for Filter A and Filter B. It can be seen that the parameter values are highly similar. Figure 9 shows the transmission response ( 21 ) of the 3rd stage FBAR filter A designed using the 1-D modelling and 3-D FEM. The results from both analyses match well within the pass-band. The attenuation poles of both filters also agree well. The disagreement on the suppression is due to piezoelectric material losses that were introduced in 3-D FEM. It can be concluded that the 1-D modelling used can be applied to predict the characteristics of the FBAR filter.
Conclusion
FBAR filter with insertion loss of 3.5 dB, out-of-band rejection of 12 dB, centre frequency of 15. bandwidth of 6.45% was designed using closed-form expressions. To best of the author's knowledge this analysis has for the first time shown that the closed-form expressions and 1-D models can be used to characterise wideband FBAR filters. From the analysis, we conclude that increasing the order of the FBAR filter will improve the out-of-band rejection; however the insertion loss and the 3 dB bandwidth will degrade. The results show that the proposed FBAR filter is a good candidate for implementation in a Ku-band transceiver.
